Abstract The Nema is a river in western Senegal where only a minority of inhabitants has access to drinking water. Rainfall has been decreasing in this region since the 1960s. It is crucial to understand how this change affects groundwater recharge. The objective of this research is to determine the current proportions of groundwater recharge, runoff, subsurface runoff and evapotranspiration using a simulation approach. The Nash criterion and water balance error were used to evaluate the quality of the simulations. The following results were obtained: the Nash criterion was 0.73 for calibration (0.73 for validation), and the water balance error was −0.35% and 0.005%, respectively, for the hydrological years 1995/96 and 1997/98. Evapotranspiration and groundwater recharge are the main processes involved.
INTRODUCTION
The Nema catchment is a rural and coastal area of approximately 43 km 2 , where more than half of the population does not have access to safe water (PEPAM-Sénégal 2010) . Considerable seasonal fluctuations in the Continental Terminal groundwater-table level, which is the main water resource, have been shown in the Nema catchment (Lienou et al. 1999 , Ngom et al. 2002 . This unconfined aquifer constitutes an easily accessible resource and is the main source of drinking water for those living in the catchment, since the underlying Maastrichtian groundwater is not only difficult to reach using traditional methods, but could also have high salinity and excess fluoride (Pontié et al. 1996 , Chippaux et al. 2007 . Since the 1970s, rainfall has decreased by nearly 27% leading to serious droughts (Lienou et al. 1999 ). More recent trends have shown that dry conditions still prevail in the Western Sahel (Lebel and Ali 2009) , including Senegal. In addition, there is a loss of agricultural land in this region: at the seashore, this loss is due to encroaching seawater (Camara et al. 2008) , whereas inland it 1620 Hydrological Sciences Journal -Journal des Sciences Hydrologiques, 60 (9) 2015 http://dx.doi.org/10. 1080/02626667.2014.932055 is due to decreasing rainfall (Malou 2004 ). As water is scarce and becoming scarcer, it is of the utmost importance to optimize its management. The efficient management of any resource requires good knowledge of its functioning, and water resource management requires an understanding of the hydrological processes that characterize the catchment. Likewise, an assessment of the inflows and outflows of a catchment (water balance) enables the water resource there to be better managed, which is extremely important because water is the basis of the population's social and economic development. This research has a twofold aim: to evaluate the amount of water available in the Nema catchment during the dry and the wet seasons, and to better understand the hydrological processes involved. In order to deal with the complexity of hydrological processes at the catchment scale, numerical models are often used to formalize the processes and to quantify water flows. Many simulation tools of varying degrees of complexity exist, and the choice of tool to use in a particular study depends on the objectives of the study (Cosandey and Robinson 2007) and the resources available. In our case, there is not much data available. Ngom (2000) used FluxNet modelling (Malou 1992) to evaluate groundwater recharge, but this model is not designed to evaluate groundwater drainage by streamflow. However, Hydrosimul (Courbis et al. 2008) can be used to evaluate groundwater drainage by streamflow. This modelling tool considers the catchment as interacting modelling units, which are homogeneous from a hydrological point of view (same slope, same runoff coefficient and same land cover). Because Hydrosimul requires only a few parameters, we anticipated that it would be a good tool for simulating the Nema catchment. This paper is structured in five sections. After the Introduction, Section 2 deals with the materials and methods and presents the field of study and Hydrosimul. Section 3 gives the simulation results, which are discussed in Section 4. The last section concludes this study and details future prospects.
MATERIALS AND METHODS

Nema catchment
The Nema catchment is located in Central Western Senegal (latitude 13°42ʹ-13°45ʹN and longitude 16°22ʹ-16°29ʹW). It is drained by the Nema River, which flows from east to west and into the Atlantic Ocean (Fig. 1) .
The climate is Sudano-Sahelian, with a long dry season (November-June), and a short rainy season (June-October).
The Continental Terminal aquifer, which is the focus of this study, is formed of sandy clay on a limestone substratum (Fig. 2) . The general groundwater flow converges at the Nema River except in the headslope area (Fig. 3) . The surface runoff and subsurface runoff flow to the Nema River. However, in the headslope area, groundwater does not contribute to the Nema streamflow because it flows towards the Keur Layen Fatim well.
The Nema catchment is home to nearly 5000 people, whose main activities are extensive farming, in which women play an important role, and cattle breeding. Market gardening, the main economic activity during the dry season, is sustained mainly by the groundwater of the Continental Terminal aquifer (Akpo et al. 2003) . Fig. 1 Topography, hydrography and land use in the Nema catchment (Ngom 2000, modified) .
Water balance simulation for resource evaluation 1621 Fig. 2 Geological context of the Nema catchment (Ngom 2000) . (Vayssade 2008) . It has been applied to the study of several basins located in the south of France: Valescure (Courbis and Vayssade 2007) and La Sapine (Courbis et al. 2008) . The main features of Hydrosimul are as follows: it is parsimonious in terms of data required, semi-distributed, the simulated time steps can be daily, weekly or monthly, and different evapotranspiration models are proposed, such as Penman (1948) , Turc (1954) and Thornthwaite and Mather (1957) . For this study, a daily time step was chosen. The Thornthwaite and Mather (1957) evapotranspiration model was used because it requires few parameters (Oudin et al. 2005) .
The catchment to be simulated was broken down into three hillslopes: the left and right hillslopes, and the headslope, each of which contributes to the flow of the river by surface, subsurface and groundwater flows. For each hillslope, if land cover is different between two areas, there is a first partitioning according to the land cover. If the slope varies within these areas, another subdivision is made. After the partitioning step, each area is defined in terms of a single land cover and a uniform slope. This area is then referred to as a plot. Every plot is characterized by coefficients such as the runoff coefficient and subsurface runoff, which depend on the land cover and slope.
Water balance is calculated in three steps: plot, hillslope and catchment. At the plot scale, it is evaluated in terms of evapotranspiration, surface and subsurface runoff, and infiltration. The hillslope scale takes into account the interactions of the plots and evaluates the sum of surface and subsurface runoff, which feeds the river, and the sum of infiltration, which feeds the groundwater. If two plots are downstream, the amount of water from the upstream plot is shared between them in proportion to the length of their border with the upper plot. At the catchment scale, the outflow of the river is the sum of the contribution of the three slopes in terms of surface runoff, subsurface runoff and groundwater.
The Nema model
According to the Hydrosimul modelling principle, the Nema catchment was divided into three slopes (Fig. 4) . The western boundary of the headslope (Plot 1) is the groundwater divide within the catchment (Fig. 3) . Thus, only groundwater from the right slope (plots 2 and 3) and left slope (plots 4 and 5) contribute to Nema River flow. Plots 3 and 4 are defined taking into account the presence of the forest. Plots 1, 2, and 5 are used for farming. The Nema model is represented in Fig. 5 , which highlights the interactions between the three slopes and the river, and gives details of the modelling of the slopes.
Plots are characterized by their dimensions (width and length), their slope, and their land cover. The interconnection of plots (for instance Plot 2 and Plot 3 in Fig. 5 ) is automatically determined according to the gradient of the elevations in such a way that the higher plot is defined as upstream and the Fig. 4 The Nema catchment divided into hydrologically homogeneous plots.
other(s) as downstream. Every plot is again broken down hierarchically into a network of interconnected models representing hydrological processes involved in the water balance. Figure 6 is a simplified representation of these processes at the plot scale. It highlights the interactions of hydrological processes between the plots and the interactions between surface and groundwater.
The derivation of potential evapotranspiration, ETp (mm), is based on the Thornthwaite method, because the data available for the catchment only allowed that kind of assessment:
where T i is the mean temperature of month i (°C); IT is a seasonal heat index; α is an empirical exponent: α = (6.7 × 10 -7 × IT 3 ) -(7.72 × 10 -5 × IT 2 ) + (1.792 × 10 -2 × IT); and DL is a dimensionless coefficient depending on the latitude and the month. Downstream runoff, DownR (mm; equation (2)), is computed from the precipitation (P) and the upstream runoff (UpR) with respect to a runoff coefficient, Cr (-), that defines overland flow and is determined according to the land cover and the nature of the soil. It varies from 0% (very pervious soil) to 100% (impervious soil):
The actual evapotranspiration, Eta (mm; equations (3) and (5)), is calculated according to the potential evapotranspiration (Etp) and the soil moisture storage (SMS). The recharge of SMS is calculated in mm (equations (4) and (6)) according to the upstream subsurface runoff, precipitation and the evapotranspiration. Its value cannot exceed MaxSMS which is the maximum amount of water, in mm, that the soil can store and release as evapotranspiration. If the SMS is below MaxSMS, the infiltration will be null. 
Infiltration, I (mm), is computed according to the precipitation (P), runoff (DownR) and actual evapotranspiration (Eta):
Groundwater recharge, GWR (mm; equation (8)), depends on infiltration (I) and an infiltration rate (IR). The IR is dimensionless and determines the recharging infiltration to the groundwater. It ranges from 0 (impervious unsaturated zone) to 1 (very pervious unsaturated zone), and distributes the global infiltration between the subsurface runoff and aquifer recharging infiltration: Subsurface runoff, DownSSR (mm), depends on infiltration (I), the infiltration rate (IR) and subsurface runoff delay (SRD):
SRD, is dimensionless, and represents the ratio of the subsurface runoff which arrives at the outlet after each rainfall. The daily distribution is a continuously decreasing function over n days, the values of which are given in Fig. 7 . The amount of rainfall on a precise day is partitioned into n daily subsurface flows running for n days after a rainy day:
The unconfined associated aquifer is characterized by its dimensions, piezometric head, and the hydraulic conductivity (K, m s -1 ). The initial piezometric surface mapping is based on the piezometer network consisting of 32 wells, the altitudes of which are obtained from a 1/ 50 000 scale IGN map (French National Geographic Institute). The groundwater drainage (GWD), which is based on Darcy's Law, gives the contribution (in m 3 d -1 ) of the groundwater to the river flow:
where l is the width (m) of the aquifer, and L its length (m), h max (m) is the value of the piezometric head at the highest point of the hillslope, and h min (m) the value of the piezometric head at the lowest point of the hillslope (at the river).
Parameters involved in the computation of the hydrological processes are set by field measurements and expertise. Parameters whose value is not known are adjusted during the calibration phase.
2.2.3
Weather data for running the Nema model In this study, we used daily weather data. As we used Thornthwaite's model, precipitation and temperature datasets were required. The rainfall data were measured by five raingauges in the catchment (Fig. 1) . The local measurements of the raingauges were spatialized using Thiessen polygons. Temperature was measured by the National Department of Meteorology of Senegal at the Nioro Rip station, located about 60 km from the Nema catchment, at the same latitude and in the same climatic zone.
Criteria for analysing results
Two criteria were used for evaluating the accuracy of the results: the balance error and the Nash criterion (Nash and Sutcliffe 1970). The balance error (equation (11)) is evaluated as the difference between the volume of water inside the system before simulation (i.e. soil moisture storage, groundwater) including input (i.e. precipitation) and the volume of water inside the system after simulation (i.e. soil moisture storage, groundwater) including output (evapotranspiration, discharge). Relative error (equation (12)) is the percentage of error with respect to the precipitation over the simulated period, the volume of water inside the soil (SMS 0 ) and the ground (GW 0 ) at the beginning of simulation. Fig. 7 Distribution of rainfall over time.
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where dSMS/dt and dGWR/dt express the variation of soil moisture content and groundwater recharge, respectively, between the last and the first simulated days.
Relative Error ¼ Error
The accuracy of results concerning the discharge at the outlet is automatically computed, if measured data exist, according to the Nash criterion:
where QM i is the ith value of the daily measured flow at the outlet; GWD i the ith value of daily simulated flow at the outlet; and Q the average daily measured flow at the outlet.
SIMULATION AND RESULTS
Parameters
The parameters that had to be set for the simulation were as follows: the runoff coefficient found in equation (2), the maximum soil moisture storage (equaequation (4)), the infiltration rate (equations (8) and (9)), the hydraulic conductivity, and h min and h max , the value of the piezometric heads (equation (10)).
It was not possible to obtain measurements of these parameters in the Nema catchment. Therefore, an interval of the values was estimated by experts and a precise value set for each of them during the calibration phase. Note that the value set of each parameter was not modified after the calibration phase.
Calibration of the model
Calibration was performed for the 1995/96 hydrological year. Several simulations were conducted, based varying the parameters within the value intervals set by experts. For each simulation, the Nash criterion was calculated to estimate the accuracy of the simulated daily discharge of the river with respect to the measured discharge. The best Nash criterion value obtained was 0.73 for the parameters given in Table 1 . The overall water balance error was −0.35%.
We can make the following observations concerning these parameter values
• The infiltration rate (IR) is 0.9 for the whole catchment, which means that 90% of the overall infiltration recharges the aquifer, and 10% goes to subsurface runoff.
• The runoff coefficient (Cr) is low throughout Nema catchment, but it is slightly lower in plots 3 and 4, because of the low ground slope (Albergel and Dacosta 1995) and the land cover (forest), which facilitates the infiltration and reduces surface runoff.
• The maximum soil water storage is slightly higher in plots 3 and 4, because these plots are close to the streambed and flooded in both the rainy and dry seasons. Therefore, water availability is not a limiting factor for evapotranspiration. Furthermore, plots 3 and 4 are forest areas where tree roots can extend deeper into the soil to draw water (Smith et al. 1997) . • The value for horizontal hydraulic conductivity of the aquifer on the left and right slopes is almost the same as the 10 -5 m s -1 obtained by Diluca (1976) in Lienou et al. (1999) , and corresponds to sandy clay or clayey sand, as observed in the field. However, the hydraulic conductivity attributed to the headslope (10 -9 m s -1 ) is very low and has no physical reality. It is comparable to the hydraulic conductivity of an impervious material (Batu 1998) . This hydraulic conductivity value was chosen only for the purpose of modelling the non-contribution of the headslope groundwater to the Nema streamflow.
The daily measured and simulated discharges at the outlet are presented in Fig. 8 for the rainy period, since discharge is null during the dry season.
Some divergences exist between the computed and observed values; the peaks are synchronous, but the computed values can be very different to the measured ones, and outflow during the recession is systematically underestimated. The first flow peak is overestimated, while the subsequent peaks are either greater or smaller than what was observed.
Light rain (less than 10 mm) does not influence the observed flow, but appears as small peaks on the computed values. The rapid increase in flow is quite close to reality.
Model validation
Calibration was completed with a validation performed for the 1997/98 hydrological year. Results are presented in Fig. 9 for the rainy period, since discharge is null during the dry season. Simulation was performed using the parameter values presented in Table 1 . For this year, the Nash efficiency is 0.73, and the overall water balance error is 0.005%.
As before, the computed and measured peaks are synchronous but their values can be rather different. Again, light rain (less than 10 mm) causes simulation of peaks that do not exist in the measured data.
During the recession period, the flow is systematically higher in reality than the simulated values. Lack of data made it impossible to analyse the 1998 period.
DISCUSSION
The 1995/96 hydrological year was wetter than 1997/ 98, with 743 and 608 mm of rainfall, respectively. The water balance assessment (Fig. 10) shows that evapotranspiration and infiltration are the most important hydrological processes in the Nema catchment. Evapotranspiration represents about 70% of the precipitation for both study years. Infiltration represents about 29% and 22% of the precipitation for the same period.
The actual evapotranspiration and infiltration data obtained with Hydrosimul modelling were compared with Ngom's Flux-Net calculations (Ngom 2000) that also used the Thornthwaite equation (Table 2) . Regarding infiltration, there is good corroboration with Ngom (2000) for the 1997/98 hydrological year, but not for 1995/96. The differences are due to different assessments of soil moisture storage: it was set to 40 mm for Hydrosimul whereas the Flux-Net calculations used 100 mm.
Runoff and subsurface runoff account the smallest parts of the water balance. If more water is needed, groundwater is the best reserve. By comparing the two hydrological years (1995/96 and 1997/ 98) , we find that the sensitivity of groundwater to the amount of precipitation is high: the variation in precipitation is 135 mm (−22% of the annual cumulated total), which leads to the following variations: −20% for evapotranspiration, −35% for surface and subsurface runoff, and −65% for ground water. Thus, a decrease in precipitation leads to a considerable decrease in infiltration.
CONCLUSION
The objective of this study was to evaluate the amount of water available in the Nema catchment during the dry and the wet seasons, and to better understand the hydrological processes involved. For this purpose, we used the Hydrosimul modelling tool. The first step was to select parameter values describing the catchment in order to optimize the Nash efficiency. The results show good agreement between measured and computed outflows, with Nash efficiency values of about 0.70. Hydrosimul describes the general behaviour of the stream, but also produces some artefacts and biases, mostly for light rains and the low streamflow period.
The second step involved the analysis of the results. The calculations provide information on the hydrological processes in the soil. This model shows that evapotranspiration is the main hydrological process in the Nema catchment. It represents about 70% of the precipitation. Recharging infiltration is the second hydrological process (about 25%). Only a small part of the total water input contributes to runoff. Our comparison of the two years studied shows that groundwater recharge is very sensitive to the total amount of precipitation. This work provides the opportunity to better evaluate the water in this catchment and better understand the underground hydrological processes in the region. It would be of great interest to collect data about precipitation, temperature, and discharge over 10 years in order to highlight the trend in the groundwater level. In depth research must be conducted to improve our knowledge of conductivity. 
